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Boron carbide (BC) is potentially useful as a lightweight armor material, but its penetration 
resistance drops under dynamic impact, the reasons for which are not entirely understood. To 
examine the mechanisms of failure under dynamic loading, we subjected samples of boron 
carbide to uniaxial compression at strain rates of up to 104 s-1 while visualizing the failure in real 
time using x-ray phase contrast imaging (XPCI) at the Advanced Photon Source. However, we can 
only record 2D images during dynamic loading, as the crack density increases it becomes difficult 
to track individual defects and understand the failure processes. Since the intensity variations in 
XPCI encode information about the 3D crack size distribution (CSD), a physics-based model is used 
to try to extract this information, which is potentially useful to show how it correlates with 
dynamic crack propagations and distributions from XPCI.  
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Boron carbide is a promising ceramic material with superior hardness, low density, and good 
chemical stability [1-4]. It has already attracted tremendous attention due to the potential 
application of body armor, abrasives, nuclear shielding, and thermal refractory.  
 
The microstructure and the static mechanical properties of boron carbide has been studied over 
decades to understand the mechanism behind its special properties [1-4,6,7]. There was a wide 
debate on the stoichiometry of boron carbide [22-25]. A recent study showed that boron carbide 
is composed of 12-atom icosahedra linked by 3-atom chain [22]. For B4C, the icosahedra usually 
consists of 11 boron atoms and 1 carbon atom, and the chain consists of 2 carbon atoms on the 
side and 1 boron atom in the middle due to the lowest free energy of this structure. On the other 
hand, extensive efforts have been devoted to static mechanical properties such as compressive 
strength, flexural strength, hardness, and fracture toughness. [1-14, 18-23] 
 
Dynamic properties however, which are closer to application of body armor, have not been widely 
studied. More importantly, the penetration resistance of boron carbide drops under dynamic 
impact, the reasons for which are not entirely understood [26].  
 
In this work, we cut 2mm× 2mm× 2mm cubic boron carbide samples by high speed saw and 
diamond wire, and polished them by polishing paper(finished by 1mm). At the Advanced Photon 
Source(APS), dynamic properties of boron carbide were measured by Kolsky bar uniaxial 
 2 
 
compressive test at strain rates of up to 104 s-1, and the fracture behavior is visualized with x-ray 
phase contrast imaging technique. The damage extent of the material is analyzed using a physics-
based model proposed by A. F. T. Leong [15]. 
 
However, we can only record 2D images during dynamic loading, as the crack density increases it 
becomes difficult to track individual defects and understand the failure processes. Since the 
intensity variations in XPCI encode information about the 3D crack size distribution (CSD), a 
physics-based model is used to try to extract this information, which is potentially useful to show 
















2.1 Mechanical properties of boron carbide 
At room temperature, boron carbide has a density of 2.30-2.55g/cm3, Vickers hardness of 38-44 
GPa, flexural strength of 320-450 MPa, fracture toughness of 3.0-4.0 MPa·m1/2, compressive 
strength of 2.8-5.4 GPa and Young's Modulus of 3.6-4.7 GPa [7,18-23]. Excellent hardness and low 
density of boron carbide have attracted extensive researchers in the past 20 years. [1-14, 18-23] 
 
Swab, JJ [6] etc. found no significant difference of compression strength under between static and 
low strain rate loading. But the compression strength under high strain rate is much higher than 
under low strain rate. [5,7] Hayun [7] etc. showed that SPS-processed boron carbide, which is 
closer to theoretical density, displays higher static and dynamic mechanical properties. The 
reason is because of the lower porosity and the smaller grain size of SPS-processed boron carbide 
compared with boron carbide processed in other method. 
 




Fig.1 X-t diagram of stress wave propagation in a Kolsky bar system [16] 
 
The Kolsky compression bar system is shown in Fig.1. A compression wave generated by the 
striker is transmitted in the incident bar, recorded by the strain gages on incident bar before 
reaching the free end of incident bar. Then part of the compression wave is reflected at the free 
end as a tension wave, recorded by strain gages on incident bar again, and the rest of wave is 
transmitted back to the transmission bar, recorded by the strain gages on transmission bar. Since 
the original compression wave typically last for a few microseconds, all the signals recorded on 
strain gages last for a few microseconds. The loading duration, T , produced in a Kolsky bar 





where Cst is the elastic wave speed of the striker material. 




( 𝐼 − 𝑅 − 𝑇) 
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where Ls is the length of specimen, and CB is the elastic bar wave speed of the bar material. Thus 
the strain can be calculated from  










To calculate the stress, there are two methods based on either incident bar or transmission bar. 




𝐸𝐵( 𝐼 + 𝑅) 





where AB is the cross-sectional areas of the bars, As is the cross-sectional areas of specimen, and 
EB is Young’s modulus of the bar material. Ideally, when the specimen deforms uniformly, stresses 
calculated from two strain gages would be the same. And we can also tell if the specimen deforms 
uniformly by comparing 𝜎1 and 𝜎2. If they are not the same, normally we take the average of 
𝜎1 and 𝜎2 as the compressive stress of the specimen, 
𝜎 = (𝜎1 + 𝜎2)/2 
 
2.3 Physics-based model for 3D crack characterization 
In the previous XPCI experiment, Feng [11] and Huang [12] conducted XPCI experiment to reveal 
the dynamic damage and fracture modes of glass and single crystal Si under high strain rates(102 
-104 s-1). Leong [13] utilized high contrast images from XPCI experiment to quantitively analyze 
lung air volumes inside human body to detect lung diseases based on a near-field x-ray diffraction 
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models he developed. Margie [27] visualized crack tip propagation in glass, laser-induced shock 
waves in water and electric arc ignition by X-ray phase-contrast imaging using synchrotron 
radiation for the first time. The visualizations could help to build stochastic crack propagation 
model, understand laser-induced liquid-jetting, and design specific electric fuses. Here, we use 
Leong’s theory to model the specimen. 
 
 
Fig.2. Model of boron carbide samples with cracks. The cracks are modeled as long cuboid voids, 
causing a phase shift of the X-ray beam, which is detected by an X-ray detector. 
 
The cracks inside the sample are modeled as long cuboid voids (in grey). In the near-field 
diffraction regime, they meet following condition: 






4|8𝑎𝑏𝑐sinc(𝑎)sinc(𝑏)sinc(𝑐)|2),    (1) 
where I(x, y, z = 0)  is the amplitude of absorption contrast image, I(x, y, z = L)  is the 
amplitude of image captured by camera, F is the Fourier transform, L is the distance between 
sample and camera, 𝛿 is the refractive index decrement of boron carbide, 𝑘⊥ = √𝑘𝑥
2 + 𝑘𝑦
2 is 
the transverse wavenumber in the (x, y) plane for each crack (which means different orientation 
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of crack has different 𝑘⊥), N is the number of cracks, and a, b, c are half of side length of cuboid 
cracks.  
In order to recover the I(x, y, z = 0), we can use equation[17]: 
I(x, y, z = 0) = 𝐹−1 {






where F-1 is the inverse Fourier transform with respect to x and y, and 𝜇 is linear attenuation 
coefficient of boron carbide.  
The left side of the equation (1) is calculated from the experimental result and the right side is 
the analytical result. Since we can calculate the experimental result, what we do next is to 
arbitrarily choose the distribution, orientation and number of cracks to calculate the right side to 
make it equal to experimental result. Thus, using this equation, we need to try different 
distribution, orientation and number of cracks to find out the result of crack distribution, 
orientation and number.  
 
The parameters used to simulate phase contrast images are shown in Table 1. 
 
Table 1. Parameters used for simulating phase contrast images 
Pixel size 3.25 𝜇𝑚 
Distance from sample to camera, L 0.73m 
linear attenuation coefficient, 𝜇 80.0m-1 
Refractive index decrement, 𝛿 1.18e-06 
Energy of X-ray source 20.4keV 
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3. Experimental Methods 
3.1 Sample preparation 
Commercial grade boron carbide was cut into slices by high speed saw (Allied High Tech Products, 
Inc.), and then cut into 1.5 mm cuboids by diamond wire saw (Agar Scientific Ltd.). Since boron 
carbide is very hard, it is easy for the diamond wire to go blunt, so it is recommended to change 
diamond wire frequently to keep high cutting efficiency. 
 
In order to make sure the angle between adjacent sides are 90°, a small platform was used to 
achieve that, shown in Fig.3. The side of samples are stick to the protrude part of platform to 
make sure that the angle of adjacent sides close enough to 90°. Another benefit of using this of 
platform is that a dozen samples can be polished at the same time since the platform have enough 
space for more samples. 
 
 




When the sample was polished by polishing machine, we used 30, 15, 9, 6, 3 and 1 µm diamond 
lapping films successively (Allied High Tech Products, Inc.). During polishing, each step should last 
for at least 3 minutes to make sure there are no scratches on the sample. We polished all six faces 
to remove scratches that would cause stress concentration and significantly reduce the maximum 
stress during the experiment. The angle between adjacent sides should be in the range of 89°-
91°, and the opposite sides should be perfectly parallel. The microscopic images of samples 
should look like Fig.4. 
 
 
Fig.4. Microscopic image of finished sample 
 
3.2 Kolsky bar system 
The mechanical properties of boron carbide was measured by Kolsky bar uniaxial compression 
test and X-ray phase contrast imaging (XPCI) performed at beamline 32-ID-C at APS. The image 
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was recorded by Shimadzu HPV-X2 camera. A schematic diagram is shown in the Fig.5. 
 
 
Fig.5. Schematic diagram of Kolsky bar along with high speed X-ray system 
 
In the Kolsky bar system, the length of striker bar, input bar and output bar were 228.6mm (9”), 
914.4mm (36”) and 508mm (20”) respectively. All of them were made in Maraging Steel C350 
with 6.35mm (0.25”) in diameter. Between input bar and output bar, two 6.35mm (0.25”) in 
diameter tungsten carbide platens were placed to protect the bars by increasing impact contact 
area between bar and sample. Moreover, a 1mm long, 2.08mm diameter copper disk was placed 
between projectile and input bar, acting as pulse shaper, allowing both constant strain-rate 
deformation and dynamic stress equilibrium[9]. The stress and strain signal were measured by 
strain gages on incident bar and transmission bar. The gas gun was shot at pressure of 125 psi. 
We used Micro-Measurements® stain gages with a gage factor of 2.04 at room temperature, 
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which means 1V=2040𝜇𝑠, and grid resistance is 1000Ω. For input bar, strain rate is measure by 
half bridges, the input voltage is 2V, and grid resistance is 1000Ω. For output bar, strain rate is 
measure by half bridges, and the input voltage is 30V. The distance between sample to camera 
was 0.73m. 
 
3.3 XPCI experiment 
In the XPCI experiments, the energy of X-ray from synchrotron radiation was 20.4keV. The 
undulator gap is 12mm. The X-rays transmitted through the sample, converted into visible light 
by a 100 μm thick single-crystal Lu3Al5O12:Ce scintillator, then refracted by mirror before 
captured by a 250×400 pixel Shimadzu HPV-X2 camera (Shimadzu Corporation). 
 
The data analysis theory is the same with Leong’s previous experiment[9]. 25 sets of 
experiments were performed in APS, with 15 sets recording complete results of XPCI images 
and mechanical properties. Results of four sets of experiments are shown in the next chapter 
and the rest of sets are in the appendix. For each experiment we recorded an image sequence 
of 128 frames. Two experiments were recorded under 5Mfps and the rest two were recorded 
under 1Mfps. The X-ray pulse was emitted every 153.4 ns, and the decay of intensity was 
submitted to exponential function.[10] So the camera recorded every either 200 ns or 1000 ns 
with only 110 ns actually acquiring image signal, which means each acquisition window will 
record light emitted from X-ray pulses in different intensity. Thus, the signal we received from 
the camera is shown in Fig.6. The intensity of each image is the area of each red line marked 
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region. Thus, in order to get rid of the influence of different recording windows to obtain 
normalized images, we need to divide the intensity index of each image by the area of X-ray 
pulses intensity of each frame. 
 
 










4.1 In situ visualization of fracture 
The crack initiation and propagation of BC under dynamic loading was visualized by the high 
intensity X-ray’s diffraction through the material, as shown in Fig.7.  
 
 
Fig.7. Crack initiation and propagation of BC under dynamic loading (sample BC65), a) starting 
time of camera recording, b) initiation of first crack on the edge, c) crack propagation, d) 
initiation of new cracks on another edge, e) crack propagation, f) sample failed 
 
T=0 is defined as the starting time of camera recording. The first crack was observed at T=11.2 μs, 
when the stress was shortly past the stress peak. Cracks often initiated at the edge of the cuboid 
during dynamic loading, possibly due to stress concentration around the edge. After that, more 
cracks were generated, partly from adjacent region of the first crack, and partly from the other 
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edge of the sample. Finally the stress dropped quickly until the material failed. 
 
4.2 Dynamic mechanical response 
Our experiment shows that the peak stress of boron carbide under high strain loading is in the 
range of 2.5-4.0 GPa, which is in the range of with previous results [3,5-7,14]. The appendix 
includes the detail of each set of experiment and data. 
 
Fig.8. Dynamic mechanical response of BC (sample BC65) 
 
Fig.8 shows the dynamic mechanical response of BC65, imaging at 5Mfps. At the time when the 
first crack is observed, stress reached the peak. Then with more crack generation, the stress 
decreased dramatically and the strain rate kept increasing until the sample failed. The same 
dynamic mechanical response as well as its relation with XPCI images under high strain rate was 
observed in all other sets of experiments, shown in Fig.9 and appendix. As a result, there are 
some correlations between XPCI images and dynamic mechanical properties, the combination of 




Fig.9 shows all other believable data of dynamic response of boron carbide. The reason that the 
data in the appendix is not completely believable is because the broken strain gages on the input 
bar during experiment make it hard to verify the accuracy of signal by comparing the signal of 
input bar with output bar. 
 
 
Fig.9. Dynamic mechanical response of BC (sample BC68, 69, 70) 
 
4.3 Analysis of fracture images 
In order to quantitatively analyze the damage of the samples, we first chose a 200×150 pixel 
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region at the center of image to rule out possible error from the edges, shown in Fig.7. a). Then 
the average intensity of ROI of each frame was calculated, as shown in Fig.10. b). We expected 
to see constant average intensity before crack initiation. However, around 10% fluctuation of 
intensity was observed before crack initiation. This can be explained by the inhomogeneous X-
ray pulse intensity from the beamline, which has 10% energy fluctuation.  
 
 
Fig.10. Analysis of fracture images of ROI of BC (sample BC65), a) stress-strain curve, b) average 




Fig.11. Analysis of fracture images of ROI of BC (sample BC68, 69, 70) 
 
To rule out the error of X-ray source, the average variation of ROI was calculated in Fig.10. c). The 
variation was almost constant before crack initiation. Then the variation increased dramatically 
with crack propagation and crack generation. Moreover, we observed some delay of the increase 
of variation compared with the peak stress. This can be explained by the generation of cracks at 
the edge of sample where the ROI didn’t include it. Since the crack number, size and distribution 
cause the phase shift and thus causing variation, the variance of the image intensity in a region 
of interest can be used as a semi-quantitative measure of degree of damage, and that trends in 
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damage derived from this measure correlate with the stress-strain behavior of the material. 
The analysis data of BC68, 69, 70 are shown on Fig.11. to show the consistence of the result. 
  
4.4 Physics model for XPCI 
Fig.12. Power spectrum of XPCI simulation with a single crack at L=0.001m, a) power spectrum of 
simulating result (left side of equation), b) power spectrum of analytical result (right side of 
equation), c) power spectrum intensity along vertical direction for both 
 
Fig.13. Power spectrum of XPCI simulation with a single crack at L=0.73 m, a) power spectrum of 
simulating result (left side of equation), b) power spectrum of analytical result (right side of 
equation), c) power spectrum intensity along vertical direction for both 
 
We tried to use a model developed by Leong[15] mentioned before to obtain crack number and 
distribution during loading. 






4|8𝑎𝑏𝑐sinc(𝑎)sinc(𝑏)sinc(𝑐)|2),    (1) 
This model described a method to extract crack information inside a sample from near-field XPCI 
a)                  b)                            c) 
a)                  b)                            c) 
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images. To testify the feasibility of the model on our experiment, we modeled a single crack at 
the size of 40×4×4 pixel, as shown in Fig.12 and Fig.13. 
 
The result of model is shown in Fig.12, when the assuming distance between sample and camera 
is very small (L=0.001m), the simulating result and analytical result match well. We testified that 
we can model a single crack at L=0.0001m, when near-field diffraction happens. In this case, we 
could model multiple cracks in any number, size and distribution and check the correctness of the 
model by checking if the first several peaks of the simulating result and analytical result match 
well.   
 
However, for our experiment at L=0.73m, the peaks of power spectrum shift and don’t match any 
more (Fig.13). This is because the model is only suitable for near-field, while our experiment is a 
far-field diffraction (the Fresnel number of which is 0.2). Thus, some modification for far-field 
diffraction is needed to make the model suitable to characterize the damage extent and evolution 
under our experimental condition. This model is also potentially useful for calibrating and 









We demonstrate that it is feasible to prepare small boron carbide cuboid samples in dimension 
of 1.5 mm and finish with 1 μs polishing paper. We combined kolsky bar uniaxial compression bar 
system with phase contrast imaging technique to visualize the failure in real time, which is 
correlated with dynamic mechanical properties. And the combination of them is possible to be 
used to better understand the damage extent of boron carbide. 
 
We observed the stress of boron carbide under high strain rate in the range of 2.7-3.8 GPa, and 
strain rate at failure in the range of 6,000-11,000. The cracks always initiate at the edge of the 
sample because of stress concentration at that area.  
 
We visualized the failure in real time using x-ray phase contrast imaging (XPCI) at the Advanced 
Photon Source. We can clearly see the crack initiation and propagation during the process but 
due to the inhomogeneous x-ray source pulse, we cannot process the images to the same level 
of intensity. Instead, we utilized the variance of the images to rule out the error of X-ray source 
and hoped to be used as a semi-quantitative measure of degree of damage with mechanical 
properties we obtained. All other experimental results are enclosed in appendix. 
 
Finally, we tried to utilize physics model proposed by Leong to model the crack number, 
distribution and orientation of the specimen. However, some modification for far-field diffraction 



























The parameter of each set of experiment is shown below. 
 
Sample Length (mm) Width (mm) Height (mm) Pressure (PSI) Notes 
BC65 1.363 1.385 1.34 125 image at 5Mfps. 
BC69 1.364 1.38 1.345 125 image at 1Mfps.  
BC70 1.369 1.378 1.351 125 image at 1Mfps.  
BC68 1.36 1.378 1.355 125 image at 5Mfps.  
BC47 1.618 1.76 1.346 125 image at 1Mfps.  
BC71 1.323 1.379 1.351 125 image at 5Mfps.  
BC67 1.37 1.374 1.358 125 image at 5Mfps. 
BC63 1.367 1.378 1.345 125 image at 5Mfps. 
BC53 1.654 2.807 1.5 175 image at 1Mfps 
BC54 1.648 2.809 1.474 175 image at 1Mfps 
BC57 1.643 2.804 1.49 175 Image at 5Mfps 
BC58 1.64 2.807 1.488 175 Image at 5Mfps  
BC59 1.644 2.814 1.496 175 Image at 5Mfps 
BC60 1.653 2.811 1.499 175 Image at 5Mfps 
Table.2 Parameters of each set of experiment 
The mechanical properties results, as well as the intensity and variance of images are shown 
below. The data in the appendix is not completely believable because the broken strain gages on 
the input bar during experiment make it hard to verify the accuracy of signal by comparing the 
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